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INTRODUCTION

When, as a chemical reaction proceeds, a chiral center is in
troduced in formation of the product molecule, the configuration at
that center may be designated either R or S.

The parts or faces of

a molecule that have the potentiality of developing into dissymmetric
arrangements are called prochiral.
In organic chemistry it is often the trigonally bonded carbon
atom which is prochiral and which can be transformed into a chiral
center by conversion to tetrahedral bond structure.

Such a trigonal

unit is planar and must possess two geometrically non-equivalent
faces.

Addition of a fourth atom to a face of the planar trigonal

unit may result in the production of a unit of S configuration.
Addition of the same atom to the other face will result in the
production of a unit which is the mirror image of the first.

This

will have the R configuration and the two units will be enantiomers.
Likewise the faces of the trigonal unit are related enantiopically,
and have been designated by re and si terminology.^^
In an entirely symmetrical environment, where the probability
is equal that either face of the prochiral unit will be the site
of reaction, the amounts of R and S enantiomers produced will be
the same and the experimentally obtained result will be a racemic
mixture.

This is because the faces of the prochiral unit go to

product through transition states which are the mirror images of
the other.

The transition states are enantiomeric and their
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activation energies are equal.

Therefore, each enantlomer will be

produced at the same rate.
However, when the reaction is perturbed by a chiral Influence,
be It from a dissymmetric center already present on the molecule, or
a dissymmetric center present on the attacking reagent, or more un
usually from a chiral environment such as solvent, the transition
states are no longer enantiomeric but diastereomerlc, and the acti
vation energies are no longer equal.

Therefore, the rate at which

one stereoisomer will be produced will differ from that of the other
and the net result will be production of either dlastereomers or
enantiomers in unequal amounts.
It is this difference In activation energies, and hence bias
In the production of one enantlomer over the other, which Is the
basis of the so-called asymmetric synthesis.

Some reactions pro

ceed with great selectivity - enzymatic reactions In living tissue,
for example.

But the majority In the laboratory, unfortunately, are

stereoselective to a much lesser degree.
It Is reasonable that the more Intimately the chiral Influence
Is involved In the transition state, the better the chance of bias
In the products.

A dissymmetric pattern adjacent to the prochiral

unit can produce a large bias, but as its distance from the pro
chiral unit increases, its influence should rapidly decrease.
This same principle should apply when the chiral Influence
Is the solvent.

Where there is extensive solvent coordination,

as In some organometalllc reactions, the solvent would be expected
to play a more prominent role than In those cases where the solvent
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3
just separates and dilutes.

Likewise, a solvent that coordinates

better is more intimately involved in determining the activation
energy of the reaction and should cause greater stereoselectivity.
When a chiral solvent is involved in the transition states of
reactions at enantiotopic faces, these transition states are no
longer enantiomeric but rather are diastereomeric, and necessarily
have different activation energies.

The rates at which the enan

tiomeric products will be produced are unequal in relation to the
unequal activation energies.
This study is concerned with the influence of a chiral solvent
on the stereoselectivity in reactions of Grignard reagents.

There

have been several attempts in the past 40 years to induce stereo
selectivity using chiral solvents.

Secondary alcohols were prepared

by the usual Grignard reactions using chiral ethers or amines as sol
vents in the hope of producing more of one enantiomer than the other.
This is measured by the optical rotation of the product.

If there is

no stereoselectivity, there will result a zero optical rotation or,
in other words, a racemic mixture.

But in the case of that the ro

tation is not equal to zero, the net excess production of one enan
tiomer can be expressed as percent optical purity.

This is equiva

lent to the ratio of the experimentally observed specific rotation
of the product divided by the specific rotation of one of the pure
enantiomers, measured under the same conditions, and multiplied by
100 to give percentage.

A linear relationship is assumed to exist

between specific rotation and composition.
Unfortunately, naturally occurring chiral ethers or amines
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suitable as a medium for forming Grignard reagents are rare.

There

fore any study of this type requires first a synthesis and a labori
ous resolution to acquire a suitable solvent In optically pure form.
All attempts to date have Involved ethers or amines synthesized, not
so much because they were good solvents for Grignard reactions, but
rather because some chiral precursor liad become available.
In 1940 Betti and Lucchi^ reported the preparation of optically
active, but not optically pure, 1-phenylethanol by a Grignard re
action using optically active dimethylhornylamine as solvent.

But

later attempts by Tarbell and Paulson^^ failed to form the Grignard
reagent directly in the dimethylbornylamine.

Alternately, the

Grignard reagent was prepared in diethyl ether and the ether then
removed under reduced pressure.

This was followed by the addition

of the optically active dimethylbornylamine.

It was their hope

that the magnesium complex would become coordinated to the chiral
amine and induce stereoselectivity.

However, they reported the

1-phenylethanol to be racemic.
Cohen and Wright^, in 1953, were the first to prepare optically
active 2 ,3-dimethoxybutane from optically pure 2 ,3-butanediol which
had just become available in research quantities.

G.F. Wright,

along with several collaborators over the past 20 years, has studied
various aspects of Grignard reactions in optically active 2,3dimethoxybutane^,2,12

1957 Allentoff and Wright reported the

synthesis of the tertiary alcohol, 2-phenyl-2-butanol, with 17%
optical purity^.

Wright and co-workers have also demonstrated that

only a 1:1 molar ratio of active ether to Grignard reagent is
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required to obtain asymmetric induction^.

They also found that

dialkyImagnesium reagents gave greater stereoselectivity than the

in optically active solvents in 1964 and added to the literature their
work involving Grignard reagents formed in several open-chained mixed
ethers.

But their work suffers in that the ethers were chosen more

for their ease of synthesis than for their ability to solvate and
coordinate well in the Grignard reagent.
There have also been attempts to prepare Grignard reagents
in a mixture of (-) sparteine^^, a naturally occurring bidentate
amine, and benzene.

The stereoselectivity in this mixture seems to

be better than in most of the ethers.
Morrison and Mosher^^ have charac
as having generally low stereoselectivity, with the most success
being found with the bidentate ether, 2,3-dimethoxybutane, and the
bidentate amine, (-) sparteine.
The major problem in trying in understand and conduct stereo
selective Grignard reactions in chiral solvents is that there are
numerous aspects of Grignard reactions in general which
understood.

are little

For example, how fully developed is the negative

charge on the carbanion center?

To what degree does the solvent

influence the transition state that determines the difference in
activation energy between diastereomeric transition states, and
hence the stereoselectivity?

What role does solvent play in de

termining the degree of association of the Grignard species?
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Finally, what role does this association play in the reaction of
this reagent with a prochiral group ?
It is evident that the information about the nature of the
Grignard reaction will be the most Important result of studies into
the effect of chiral solvents, rather than the development of new
methods of producing optically active molecules.
Grignard reactions have been run in tetrahydrofuran solvent as
well as diethyl ether for the past 20 years.

A summary of recently

published studies^ on the nature of the Grignard complex in solution
and its effects on the reaction mechanisms, have shown that THF is
a superior solvent for Grignard complexes.

It is slightly more

basic than diethyl ether, and the various forms of the Grignard com
plex seem to be more soluble in it than in diethyl ether.
The Grignard reagent in solution is generally represented as
R-Mg-X, but this is a great simplification.

The Schlenk equilibrium

is known and can be represented:

2 R-Mg-X

-—

R-Mg-R + MgXz

But besides these monomeric species, there can also exist
dimers, trimers, and even higher degrees of association of all the
monomers.

The exact Grignard reaction mechanism depends on the form

the complex takes.

These higher degrees of association exist in

solutions of Grignard complexes in diethyl ether above 0.1 molar^.
But in THF, over a wide concentration range, the Grignard com
plexes appear to be monomeric.

Consequently, a larger number of

THF molecules are coordinated to the magnesium atom when the sol-
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It was thought that by increasing the basicity of the tetra
hydrof uran by appropriate substitution and at the same time using
only an enantiomerically pure derivative, optical activity could
be induced in certain secondary alcohols, made by Grignard synthesis,
to a greater degree than had before been possible.

This was because

there should be a more intimate involvement of the solvent in the
transition state of the reaction's Grignard complex due to the
greater availability of electrons on the ether molecule to coordi
nate with the magnesium atom of the complex.
This was examined, and to some extent realized, using homologs
of THF having methyl substitution at the 2 position or at 2 and 5
positions of the ring.

The inductive effect of these methyl groups

would increase electron density on the oxygen atom of the THF ring,
while at the same time, the methyl groups provide sites of dissym-

Initially, 2,5-dimethyltetrahydrofuran was tried as solvent,
but it soon became apparent that the trans isomer, the dissymmetric
isomer, would not form stable Grignard reagents.

Subsequently, 2-

methyltetrahydrofuran was examined and found to be an excellent
solvent for Grignard reactions.

It could be prepared in optically

pure form once the proper precursor had been resolved.
This study, then, reports the effect of enantiomerically pure
2-methyltetrahydrofuran on various Grignard reactions as determined
by their products.
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EXPERIMENTAL

All Grignard reactions were carried out on a 10 ml volume ex
cept where noted.

Analytical gas chromatography was obtained using

an F 0 M model 720 twin column instrument using either a 5 ft X 0.25
in column packed with 10% DECS (diethylene glycol succinate) on 60/80
Diatoport S, or a 5 ft X 0.25 in column packed with 15% TCEP (tetracyanoethylated pentaerythritol) on 80/100 Gas-chrom RA.

Preparative

gas chromatography was performed on an Aerograph Autoprep model 700
instrument using either

a20 ft X 3/8 in column packed with 20% DEGS

on 30/60 Chromsorb W or

a30 ft X 3/8 in column packed with 15% TCEP

on 80/100 Chromsorb P.
Nmr spectra were recorded using a Varian model A-60 spectro
meter.

Optical rotations were measured using a Rudolph model 62

polarimeter with a sodium lamp source.

Unless otherwise noted, the

cell had a length of 2 decimeters.
Mass spectra were determined using a DuPont model 490 B mass
spectrometer.
Reagents not generally available in the laboratory were pur
chased from Aldrich Chemical Company.

Solvents were purified by

distillation through a 20 X 330 mm fractionating column packed with
stainless steel Heli-pak, and topped by a variable reflux distilling
head.

The efficiency of the distillation apparatus was approximate

ly 30 theoretical plates.
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Grignard Reactions in 2,5-Dltnethyltetrahydrofuran

The usual techniques for running Grignard reactions were em
ployed except where properties of the solvent made this impossible.
The alkyl halides started reacting with magnesium only after refluxing in a mixture of cis- and trans-2 ,5-dlmethyltetrahydrofuran (2,5DMTHF) (92°) for 10-20 minutes.
with the magnesium disappearing.

The reaction then proceeded slowly
In all cases, a gel-like precipi

tate was formed along with a ''solution''.

By using Gilman's ti

tration^^ method of hydrolyzing the Grignard reagent with excess
standard acid, and then titrating the excess acid with standard
base, it was estimated that up to 89% formation of the Grignard
reagent was obtained.

However, the reaction of several Grignard

reagents was attempted repeatedly, as listed below, and was uni
formly unsuccessful.

Attempted Formation of 2-Hexanol

n-ButyImagnesium bromide was prepared from 0.27 g (0.011 mol)
of magnesium turnings and 1.37 g (0.01 mol) of n-butyl bromide in
10 ml of a cis-trans mixture of 2,5-DMTHF (Aldrich Chemical Company).
Acetaldehyde, 0.88 g (0.02 mol), dissolved in 10 ml of pentane, was
added dropwise and the mixture stirred for 3 hours.

It was then

hydrolyzed and, after workup, gas chromatography was used to esti
mate the amount of 2-hexanol formed.

The retention time for 2-

hexanol was obtained using an authentic sample of 2-hexanol pur-
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chased from J.T. Baker Chemical Company,
used as the Internal standard.

t-Butyltoluene was

No 2-hexanol was found in the

reaction product.

Attempted Formation of 1-Phenylethanol

Magnesium, 0.27 g (0.011 mol) and methyl iodide, 1.42 g
(0.01 mol), were reacted in 10 ml of 2,5-DMTHF.

After the

addition of 2.12 g (0.02 mol) of benzaldehyde, the reaction mix
ture was stirred for 20 hours before hydrolysis and workup.

By

reference to authentic samples of 1-phenylethanol and benzyl al
cohol to obtain retention times, it was determined by gas chromato
graphic analysis that no 1-phenylethanol was formed, but about
11% benzyl alcohol was present.

The amount of benzyl alcohol was

estimated using p-nitrochlorobenzene as internal standard.

Attempted Reaction with Acetyl Chloride

A sample of n-propylmagnesium bromide was prepared from
0.27 g (0.011 mol) of magnesium and 1.23 g (0.01 mol) of n-propyl
bromide in 5 ml of 2,5-DMTHF,

Acetyl chloride, 1.57 g (0.02 mol),

was added and the mixture stirred for 20 hours and then refluxed
for 1 hour.

After hydrolysis and workup, the reaction mixture

was shown by gas chromatography to be a complex mixture of
products.

Small scale preparative gas chromatography using

the analytical instrument enabled fractionation and isolation of
the major products.

The nmr spectrum of each product was obtained

and no single component could be identified as the expected product,
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a tertiary alcohol.

However, the nmr spectra of the products sug

gested that they might have arisen from the solvent by some type
of a ring opening reaction.

When the reaction was repeated with

out the n-propyl bromide, i.e. refluxing acetyl chloride, magnesium,
and 2,5-DMTHF, the same products were again formed.

After conclud

ing the absence of the normal Grignard addition reaction, no further
attempt was made to determine the identity of the products.
ring opening product had the following nmr spectruml

The

(CDGI3) & 1.22

(d, 3, J = 6 Hz), 1.50 (d, 3, J = 6 Hz), 1.72 (t, 4, J = 2 Hz),
2.0 (s, 4), 4.0 (s, 1), 4.95 (s, 1).

Separation of Cis-and Trans-2,5-Dimethyltet rahydrofuran

An approximately 60/40 mixture of cis-and trans-2,5-DMTHF
was purchased from Aldrich Chemical Company and separated into pure
isomers by preparative gas chromatography using the 30 ft TCEP
column.

The column temperature was 75°, and the helium flow rate

was 60 ml/min.

The first fraction eluted from the column was the

cis isoraer^^, bp 90-91°, n^= 1.4011 (lit.^^ n “

1.4029).

The

second fraction to elute was the trans isomer, bp 93-94°, n“’
1.4034 (lit.

n“

1.4045).

Grignard Reactions in Pure Cis-and Pure Trans-2,5-DMTHF

Three samples of n-butylmagnesium bromide were prepared from
0.27 g (0.011 mol) of magnesium and 1.37 g (0.01 mol) of n-butyl
bromide in 10 ml of pure cis-2,5-DMTHF, 10 ml of pure trans-2,5-
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DMTHF, 10 ml of pure trans-2,5-DMTHF, and 10 ml of THF as a control,
respectively.

The reaction in THF gave a clear but grayish solution.

The reaction in pure cis-2,5-DMTHF gave a slightly turbid grayish
solution, while that in pure trans-2,5-DMTHF gave the usual precipi
tate which would not dissolve upon stirring.

After reacting for 4

hours, 3 ml of neat acetaldehyde (0.06 mol) was added to each flask,
and stirred at room temperature for 48 hours.

Upon hydrolysis and

workup, gas chromatographic analysis of the products using an authen
tic sample of 2-hexanol to determine retention time, and t-butyltoluene as internal standard showed, in the THF reaction mixture, a
43% yield of 2-hexanol.

But in the pure cis-2,5-DMTHF reaction

mixture only an 8 .6% yield of 2-hexanol was found.

In the pure trans-

2,5-DMTHF no trace of 2-hexanol was found.

Preparation of Toluene

BenzyImagnesium bromide was prepared from 0.27 g (0.011 mol)
of magnesium and 1.71 g (0.01 mol) of freshly distilled benzyl
bromide (Columbia Chemical Company) in 10 ml of 2,5-DMTHF (mixture).
The Grignard reagent was then quenched with deuterium oxide, and
after workup, the toluene produced was isolated by preparative gas
chromatography.

The nmr spectrum showed a normal aromatic to

aliphatic proton ratio.

No deuterium incorporation was observed.

Preparation of 2-Hexanol in Diethyl Ether/2.5-DMTHF

Magnesium, 0.489 g (0.0201 mol), and n-butyl bromide, 2.74 g
(0.02 mol), were reacted in 10 ml of anhydrous diethyl ether.
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After the Grignard reactant formation was completed, the solvent was
gently refluxed and carried away by a nitrogen stream.

Finally, the

Grignard reagent was stirred under reduced pressure (1 mm) for 10
minutes.

A thick gel resulted.

Ten ml of freshly distilled, mixed isomeric, 2,5-DMTHF was
added to the gel and the mixture stirred at room temperature for 50
minutes.

Then 1.32 g (0.03 mol) of acetaldehyde in 10 ml of pentane

was added slowly over 30 minutes to the n-butylmagnesium bromide
solution maintained at 0°.

The solution was allowed to warm to room

temperature, and was stirred 20 minutes before hydrolysis.

After

distillation, 1.7 grams of product was isolated, but gas chroma
tography, using an authentic sample of 2-hexanol for comparison,
and t-butyltoluene as internal standard, showed that only about
0.9 grams (44%) was 2-hexanol.

There was also present about 20%

of 2-hexanone, presumably produced by a Meerwein-Ponndorf-Verley
type reversible oxidation-reduction process with the excess acetal
dehyde.

That the unknown material was 2-hexanone was suggested by

its mass spectrum.

The material was subsequently shown to have the

same retention time in the gas chromatograph as authentic 2-hexanone,
and a mass spectrum identical to that of authentic 2-hexanone.

Grignard Reactions in 2-Methyltetrahydrofuran

When it became apparent that 2,5-DMTHF would not serve as a
solvent for Grignard reactions, an examination was made using
2-methyltetrahydrofuran (2-MeTHF) in its place.

When J.27 g

(0.011 mol) of magnesium and 1.37 g (0.01 mol) of n-butyl bromide
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were reacted in 10 ml of racemic 2-MeTHF (Aldrich Chemical Company),
the Grignard formation initiated readily without refluxing to give
a clear gray solution.

Acetaldehyde, 0.88 g (0.02 mol), dissolved

in 5 ml of 2-MeTHF was added and after hydrolysis and workup, gas
chromatography showed a 50% yield of 2-hexanol.

The retention time

of 2-hexanol was determined by reference to an authentic sample,
and the yield estimated using t-butyltoluene as an internal standard.
Once it was determined that Grignard reactions do proceed in 2-MeTHF,
the next step was to prepare optically pure enantiomers of this
solvent.

The Synthesis of Optically Active 2-Methyltetrahydrofuran
Tetrahydrofurfuryl Hydrogen Phthalate

Phthalic anhydride, 148.0 g (1.0 mol), racemic tetrahydrofurfuryl alcohol (Aldrich Chemical Company), 102.0 g (1.0 mol), and
dry pyridine, 100.0 g (1.27 mol), were reacted at 100° for 4 hours.
The tetrahydrofurfuryl hydrogen phthalate was isolated as an oil
which only crystallized with difficulty after standing several
months.

Therefore the oil was purified by converting the initial

phthalate half ester to its sodium salt by neutralization with
saturated sodium carbonate solution, and extracting the water
solution of the salt repeatedly with chloroform.

Purified ester

was then recovered after acidification with hydrochloric acid.
An nmr spectrum of the ester showed the correct aromatic to ali
phatic proton ratio, indicating adequately pure ester.
spectrum was:

The nmr

(CDCI3) 6 1.84 (m, 3, C-CHg), 4.0 (m, 6 , THF ring
H
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protons), 7.6 (m, 4, aromatic), 11.2 (s, 1, -COOH).

Resolution of dl-Tetrahydrofurfuryl Hydrogen Phthalate

Brucine, 284.69 g (0.72 mol), was dissolved in a hot solution of
dl-ester, 180.0 g (0.72 mol), in 972 ml of acetone.

The solution

was concentrated to 1100 ml and cooled in a refrigerator for 2 days.
The salt which separated was removed by filtration and the mother
liquor was concentrated for a second crop.

The various crops of

crystals and mother liquors were decomposed with dilute hydrochloric
acid.

The partially resolved ester portions, still oils, were again

purified by chloroform extraction of the sodium salts.

The specific

rotation of initially Isolated, partially resolved ester was of the
order of 10°.

By repeated recrystallization from ether-pentane,

optically pure ester was obtained.
fic rotation of

The levo enantiomer had a speci

= -31.9° (c 5.02, CHCI3).

mer had a specific rotation of [a

literature value for the levo enantiomer is^
CHCla).

The dextro enantio

= +31.9° (c 5.10, CHCl-j).

the

= -31.8° (c 5.04,

The melting point of either of the pure crystalline enan

tiomeric esters was 82-84° (lit. 82-83°).

Synthesis of 2-MeTHF from Optically Pure Starting Material

The resolution of a sufficient amount of optically pure
tetrahydrofurfuryl hydrogen phthalate was a long and laborious
process.

Consequently, any subsequent use of optically pure

material (in the various stages of the synthesis of enantiomerical-
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ly pure 2-MeTHF, or later when enantiomerically pure 2-MeTHF was
used as solvent in Grignard reactions) was preceded by one or more
trial runs employing racemic materials, in order to develop pro
cedures for running reactions without risking the loss of precious
material.

(-) Tetrahydrofurfuryl Alcohol

Tetrahydrof urfuryl hydrogen phthalate ([a]^^ = -31.9°), 100.0 g
(0.4 mol), and 120 ml of 10 N sodium hydroxide solution (1.2 mol)
and 80 ml of water were mixed and reacted at 80-100° for 16 hours.
The cooled reaction mixture was transferred to a separatory funnel
and saturated with potassium carbonate to ''salt-out'' the water
soluble alcohol.

This combination was transferred to a continuous

liquid-liquid extractor and extracted with diethyl ether for 48
hours.

The ether was distilled and the rotation of the crude alco

hol had a value of [

a

= -17.9° (c 4.78, CHCI3).

The (-) tetra-

hydrofurfuryl alcohol was not purified further but was converted
directly to the tosylate.

The yield of alcohol from this saponi

fication was almost quantitative.

The crude alcohol had the same

retention time in the gas chromatograph as an authentic sample of
racemic tetrahydrofurfuryl alcohol.

(+) Tetrahydrofurfuryl Alcohol

drofurfuryl hydrogen phthalate (
was saponified as above and gave a quantitative yield of crude
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+17.0° (c 5.11, CHCI3).

p-Toluenesulfonate Ester of (-) Tetrahydrofurfuryl Alcohol

A solution of 25.53 g (0.25 mol) of (-) tetrahydrofurfuryl
alcohol ( [a]p® = -17.9° crude) in 25 ml of dry pyridine was added
slowly to a stirred solution of 71.60 g (0.375 mol) of p-toluenesulfonyl chloride (Aldrich Chemical Company) in 200 ml of dry
pyridine maintained at 0°.

After the addition, the reaction mixture

was stirred at room temperature for 4 hours.

It was then poured into

a 2000 ml separatory funnel containing 300 ml of concentrated hydro
chloric acid and about 500 ml of crushed ice.

The tosylate was

extracted with diethyl ether, which was then removed under reduced
pressure, leaving an oil.

The oil was placed in a freezer compart

ment at -10" overnight where it crystallized.

The tosylate was re

crystallized once from diethyl ether-pentane.

The melting point

was close to room temperature (23°).

The literature value‘s is 25°.

The isolated tosylate weighed 61 g (95%) and had a specific ro
tation of

= -18.4° (c 13.48, CHCI3).

No reliable literature

value is available.

p-Toluenesulfonate Ester of (+) Tetrahydrofurfuryl Alcohol

In a similar manner 25.53 g (0.25 mol) of (+) tetrahydrofurfuryl alcohol ([a]^° = +17.0° crude) was reacted with 71.60 g
(0.375 mol) of p-toluenesulfonyl chloride to give 61 g (95%) of
(+) tetrahydrofurfuryl tosylate.

The specific rotation of the

product was [a]^^ = +18.3° (c 14.78, CHCI3).

The melting point
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(+) 2-Methyltetrahydrofuran

A solution of (-) tetrahydrofurfuryl tosylate, ([a]^® =
-18.4°) 51.2 g (0.2 mol), in 50 ml of anhydrous diethyl ether
was added dropwise to a stirred slurry of lithium aluminum hy
dride (J.T. Baker Company), 6.18 g (0.18 mol), in 150 ml of an
hydrous diethyl ether, maintained at 0°.

The reaction mixture

was warmed to room temperature and stirred 3 hours.

The reaction

flask was then cooled again to 0°, and a dry ice trap placed on
the reflux condenser to trap any volatile compounds swept through
the condenser by the evolving hydrogen gas.

Very slowly and

cautiously 25 ml of water was added to the reaction mixture to
decompose the excess lithium aluminum hydride.

The condenser was

arranged for distillation and 500 ml of xylene was added to the
reaction flask.

The reaction mixture was stirred and heated until

all the low boiling material had distilled and, in addition, about
200 ml of xylene had been collected.

The distillate was transferred

to a separatory funnel and the aqueous layer was isolated.

The

organic layer was dried over calcium hydride and redistilled, using
the fractionating column packed with stainless steel Heli-pak
and equipped with a variable reflux distilling head described
previously.

The (+) 2-methyltetrahydrofuran, bp 78-80°, (lit.

78-80°) had the same retention time in the gas chromatograph as
authentic, racemic 2-MeTHF.

The fractions distilling in the range

of 40-78° and 80-136° contained some (-) 2-MeTHF and this was
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isolated using preparative gas chromatography (30 ft TCEP column).
The water layer from above was placed in a continuous extractor
and extracted with pentane for 24 hours.

Similarly the oxide resi

due from the reaction flask was placed in a Soxhlet extractor and
also extracted with pentane for 24 hours.

The extracts were combined,

dried over calcium hydride, and distilled as above.

The total amount

of (+) 2-MeTHF isolated in the reduction process was 15.1 g (88%).
The specific rotation of the product, measured after it had been
distilled under nitrogen from lithium aluminum hydride, was
[a]p° = +27.01° (neat).

Gangnaire and Butt^^ reported the synthesis

of (+) 2-MeTHF with a specific rotation of about +28° (their product
wasn't optically pure and this is a calculated value) from the (-)
tetrahydrofurfuryl tosylate.
(CCIJ 6 1.1 (d, 3 , J =

The nmr spectrum of 2-MeTHF follows:

6 Hz, -CHa), 1.7 (m, 4, THF ring protons),

3.7 (m, 3, THF ring protons).

(-) 2-Methyltetrahydrofuran

In a similar manner the reduction of (+) tetrahydrofurfuryl
tosylate ([a]p® = +18.3°) led to the isolation of (-) 2-MeTHF with
a specific rotation [a]^° = -26.47° (neat).

This corresponds to a

value of about -26.8° (calculated value) reported by Gagnaire and
Butt".

Reactions in Optically Active 2-Methyltetrahydrofuran

All Grignard reactions described below were first run in
raceraic solvent to develop procedures before committing any of the
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limited supply of active volvent.

For all Grignard reactions

carried out in optically active solvent, the magnesium was weighed
into the reaction flask and the flask heated by flame.

Several

crystals of iodine were added and the hot magnesium was swirled in
the vapor.

The vapor was then exhaused and the flask sealed and

allowed to cool.
The solvent, 2-MeTHF, forms peroxides readily.

Therefore,

it was always distilled from lithium aluminum hydride and a nitrogen
atmosphere just prior to use.

In most cases the (+) 2-MeTHF was used

because more of this enantiomer was available, and this facilitated
recovery and re-use.

A nitrogen sweep was employed in all reactions

and a dry ice trap was used to remove any solvent from the exit
nitrogen stream.
After a reaction was completed, the product was hydrolyzed by
the careful addition of 10 ml of 5% sulfuric acid solution.
r>-ac'.:
the

n.1

The

was then transferred to a separatory funnel where

Iconic Â:-'-

was isolated.

The aqueous layer and all subse

quent ..queous washings were placed in a continuous extractor and
extracted for 24 hours with diethyl ether.

The purpose of this

operation was to recover any active solvent dissolved in the water.
The organic layer was washed first with 5% sodium bisulfite
solution and then with 5% sodium bicarbonate solution.
dried over anhydrous magnesium sulfate.

It was

It was first distilled to

recover any optically active solvent and then vacuum distilled to
obtain the

product.

The same distillation process as that described in the
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preparation of the solvent was used to recover the solvent after a
reaction.

After the solvent was recovered and purified, no racemi-

zation was observed.
After the carbonyl component had been added to the Grignard
reagent in active 2-MeTHF, the reaction mixture was hydrolyzed
immediately to prevent possible racemization of the alcohol product
while it was still in the alkoxide form.

This had little effect on

the isolated yield.

Carbonyl Additions in Chiral Solvent

Formation of 1-phenylethanol in (+) 2-Methyltetrahydrofuran
A solution of phenylmagnesium bromide was prepared by reacting
0.610 g (0.0251 mol) of magnesium with 3.93 g (0.025 mol) of bromobenzene in 17.1 g (20 ml) of (+) 2-MeTHF ( M ^ ° = +27.01°).

To the

Grignard solution, maintained below -10° by an ice-salt bath, was
added 1.50 g (0.034 mol) of freshly distilled acetaidehyde dissolved
in 10 ml of pentane.
during 30 minutes.

The acetaidehyde solution was added slowly
Upon hydrolysis and workup by, in thin case,

preparative gas chromatography (20 ft DECS column), a 49% yield of
active 1-phenylethanol was obtained.
rotation [

a

The alcohol had a specific

= +0.93° (neat, 1=1), and had the same retention

time in the gas chromatograph as an authentic sample of racemic

The optical purity, therefore, was 2.15%.

In order to show that

no racemization had occurred during the gas chromatographic purl-
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ficatlon of the product, an optically active sample of 1-phenyl
ethanol was prepared by resolution of the alcohol by the method of
Downer and Kenyon^^.

Thus, when this compound was chromatographed

under the conditions used above, there was no loss in optical acti
vity.

The nmr spectrum of 1-phenylethanol showed the following

resonances:

(CCI4) 6 1.3 (d, 3, J = 7 Hz, -dig), 3.9 (s, 1, -C-OH),

4.6 (q, 1, J = 7 Hz, -C-H), 7.2 (s, 5, aromatic).

Preparation of pivaldehyde

Magnesium, 25.0 g (1.03 mol), and t-butyl chloride, 92.57 g
(1.0 mol), were reacted in 500 ml of anhydrous diethyl ether.

The

t-butyl magnesium chloride solution was transferred to an addition
funnel and added slowly during 1 hour to 109.65 g (1.5 mol) of
rapidly stirred N,N'-dimethylformamide maintained at 0°.

The re

action mixture was further stirred and refluxed for 16 hours, cooled,
and hydrolyzed with a solution of 150 ml of concentrated hydro
chloric acid in 500 ml of water.

After transfer to a separatory

funnel, the organic layer was separated, washed with dilute sodium
bisulfite and sodium bicarbonate solutions, and dried over magnesium
sulfate.

The ether was distilled from the crude pivaldehyde and the

residue reacted with excess saturated sodium bisulfite solution to
form the bisulfite addition complex which was precipitated with
ethanol.

The solid was filtered, washed with ethanol, then ether,

and set aside to dry.

The pivaldehyde was recovered by heating

the bisulfite addition complex in a 10% sodium carbonate solution
and extracting with xylene.

The xylene solution was dried over
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magnesium sulfate and distilled.

Pivaldehyde distilled at 75° and

readily separated from the xylene which has a much higher boiling
point.

The pivaldehyde obtained in this manner was shown by gas

chromatography to be pure.
bp 75° (lit. 75°).

The yield was 23.8 g (27.6%) of aldehyde,

The nmr spectrum is very simple,

6 1.04 (s, 9,

t-butyl protons), 9.4 (s, 1, aldehyde proton).

Formation of t-butylphenylcarbinol in (+) 2-methyltetrahydrofuran

A solution of phenylmagnesium bromide was prepared from 0.489 g
(0.0201 mol) of magnesium and 3.14 g (0.02 mol) of bromobenzene in
8.55 g (10 ml) of (+) 2-MeTHF.

A solution of 2.58 g (0.03 mol) of

freshly distilled pivaldehyde in 10 ml of pentane was added slowly
over 90 minutes to the stirred phenylmagnesium bromide solution
maintained below -10° by an ice-salt bath.

The reaction mixture

was hydrolyzed iiimiediately and, after workup, 1.8 g (57%) of the
carblnol was obtained.
solidified.

It distilled at 68-75° (1 mm Hg) and readily

The solid carblnol sublimed readily and melted at 53-

54° (lit.^^ 54-54.5°).
(c 10.87, benzene).

It had a specific rotation of [

Since a specific rotation of

a

= +2.82°

= +25.9°

(c 2.241, benzene) has been reported^^, the optical purity of the
isolated sample is 11%.

A repetition of this reaction gave 2.0 g

of the carblnol having a specific rotation of

= +2.61 °

(c 11.09, benzene), and hence an optical purity of 9.6%.

The

carblnol was recrystallized from ether-pentane and sublimed under
reduced pressure, but neither process resulted in a product of
higher rotation.

The structure of the carblnol was confirmed by
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Its nmr spectrum;

(CCI4) 5 0.85 (s, 9, t-butyl protons), 2.2

(broad s, 1, -OH), 4.2 (s, 1, -C-H), 7.2 (s, 5, aromatic protons).

Formation of t-butylphenylcarbinol in (-) 2-methyltetrahydrofuran

The Grignard reaction was carried out exactly as above using
the levo enantiomer of 2-MeTHF ([ o | = -26.47°) as solvent.

In

this case the yield was 1.9 grams of the carblnol with a specific
rotation [ a ] ^ = -2,09° (c 10.79, benzene).

The optical purity of

the carblnol was 8 .1%.

Kinetic Resolution in Chiral Solvent
It was decided to attempt a kinetic resolution by forming a
Grignard reagent from a racemic secondary alkyl halide in active
2-MeTHF, stopping the reaction well short of completion, and re
covering the unreacted halide.
was critical.

The selection of the alkyl halide

It had to react reasonably fast at room temperature,

distill easily from 2-MeTHF, and not couple in the course of the
reaction.

Several alkyl halides were studied before a suitable one

was found.

Formation of 1-phenethyl chloride

1-Phenylethanol, 48.87 g (0.4 mol), and thionyl chloride,
49.97 g (0.42 mol), were reacted in 36 ml of dry pyridine for 16
hours.

The reaction mixture was then hydrolyzed, the crude 1-

phenethyl chloride was extracted with diethyl ether, dried (MgSO^),
and finally vacuum distilled, bp 8B-89°/32 ram Hg.

The structure of
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the compound was confirmed by its nmr spectrum:

(CCI,,) 6 1.7

(d, 3, J = 7 Hz, -CHa), 4.9 (q, 1, J = 7 Hz, -C-H), 7.2 (m, 5,
aromatic protons.

Attempted kinetic resolution of 1-phenethyl chloride

1-Phenethyl chloride, 2.81 g (0.02 mol), and magnesium, 0.243 g
(0.01 mol), were reacted in 10 ml of racemic 2-MeTHF.

When most of

the magnesium had dissolved, the reaction was quenched with the ad
dition of 10 ml of 5% sulfuric acid solution.

The unreacted halide

was extracted from the reaction mixture and vacuum distilled.

The

material that was isolated sublimed into the neck of the distilling
head as needle-like crystals.

These were recrystallized from pen

tane and the nmr spectrum suggested that the material may have been
the Wurtz coupling product, 2,3-diphenylbutane, nmr:

(CCI,,) 6 1.05

(d , 6, J = Hz, -CHa), 2.8 (m, 2, -C-H), 7.2 (s, 10, aromatic
protons).

Preparation of 2-chlorooctane

Zinc chloride, 110.39 g (0.81 mol), concentrated hydrochloric
acid, 76.12 g (0.81 mol), and 2-octanol, 52.09 g (0.40 mol), were
reacted at 125° for 2 hours.

The reaction mixture was cooled,

transferred to a separatory funnel, and the organic layer isolated.
The crude 2-chlorooctane was washed with concentrated sulfuric acid,
10% potassium carbonate, and water before being dried (MgSO,,).
chloride was vacuum distilled, bp 70-75°/25 mm Hg.
66%, nmr: 6

The

The yield was

0.95 (m, 5, -CHg), 1.45 (m, 11, -CH^-), 3.9 (m, 1 , -C-H).
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Attempted reaction of 2-chlorooctane and magnesium

Magnesium, 0.243 g (0.01 mol), and 2-chlorooctane, 2.97 g
(0.02 mol) were refluxed in 10 ml of racemic 2-MeTHF for 8 hours
with no indication that the Grignard reaction had initiated.

Preparation of 2-bromooctane

Hydrobromic acid (48%), 168.56 g (1.0 mol), and 2-octanol,
65.08 g (0.5 mol), were reacted at 100° for 17 hours.

The reaction

mixture was diluted with 100 ml of water and transferred to a
separatory funnel and the organic layer was Isolated.

The crude

bromide was washed with 20 ml of ice-cold concentrated sulfuric
acid, 10% potassium carbonate, and water, and finally dried (MgSOz,).
The product was vacuum distilled at 78-80°/20 mm Hg.
58%, nmr:

(CGI/,)

(d, 6 , J = 7 Hz,

6

The yield was

0.9 (m, 4, -CHg), 1.3 (broad s, 6,

-CHa-),

4.1 (m, 1,

-CHa-),

1.7

-CH).

Attempted kinetic resolution of 2-bromooctane

Magnesium, 0.243 g (0.01 mol), and 2-bromooctane, 3.86 g
(0.02 mol), were reacted in 10 ml of racemic 2-MeTHF.

The reaction

would only initiate and proceed in refluxing (78°) solvent.

After

hydrolysis and workup, no 2-bromooctane was recovered by vacuum
distillation.

Instead, the inside of the distilling head was

coated with a high-boiling oil which the nmr spectrum suggests was
the result of Wurtz coupling of the Grignard.

The spectrum is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

27
similar to that of a branched aliphatic hydrocarbon and has two
broad resonances between 1.5 and 2.5 6 .

Preparation of 1-pheny1-2-propanol

A solution of 98.5 g (0.735 mol) of l-phenyl-2-propanone
(Eastman Organic Chemicals) in 200 ml of anhydrous diethyl ether was
added slowly during 90 minutes to a rapidly stirred slurry of 14.0 g
(0.369 mol) of lithium aluminum hydride in 100 ml of anhydrous di
ethyl ether maintained at 0,.

The reaction mixture was stirred for

2 more hours at room temperature and then the excess lithium alumi
num hydride was decomposed by the very careful addition of water.
The ether solution of the alcohol product was separated from the
solid reaction residue and dried over magnesium sulfate.

The ether

was removed by distillation and the product vacuum distilled at
62-71°/0.7 mm Hg.
ograph.

The alcohol gave only one peak in the gas chromat

The yield was 84.5%, nmr:

(CDClg) 6 1.1 (d, 3, J = 6 Hz,

-CHa), 2.52 (s, 1, -OH), 2.65 (d, 2, J = 7 Hz, -CHa-), 3.9 (m, 1 ,
-CH), 7.2 (s, 5, aromatic protons).

Conversion of 1-phenyl-2-propanol to the p-toluenesulfonate ester

To a stirred solution of 134.0 g (0.70 mol) of p-toluenesulfonyl chloride in 175 ml of dry pyridine and 150 ml of an
hydrous diethyl ether, maintained at 0°, was added slowly 82.0 g
(0.603 mol) of l-phenyl-2-propanol.

The solution was allowed to

warm to and remain at room temperature for 16 hours.

The reaction

mixture was poured into a 2000 ml separatory funnel one-third full
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of crushed Ice and containing 175 ml of concentrated hydrochloric
acid.

The organic layer was separated and concentrated by evapora

tion of the ether.

The tosylate was crystallized £rom ether, and

had a melting point of 93-94° (lit.^ 93.5-95°).
113.2 grams (73%), nmr:

The yield was

(CDCI3) 4 1.3 (d, 3, J = 6 Hz, -CHJ, 2.4

(s, 3, -CHa), 2.85 (pair of doublets, 2, J = 4 Hz, -CHa-), 4.75
(m, 1, -CH), 7.2 (m, 5, aromatic protons), 7.7 (m, 4, aromatic
protons from tosyl group).

Preparation of 2-bromo-l-phenylpropane

A solution of 113.2 g (0.39 mol) of l-phenyl-2-tosylpropane,
and 101.61 g (1.17 mol) of anhydrous lithium bromide (Matheson,
Coleman, and Bell Company) was prepared in 780 ml of acetone that
had been dried over magnesium sulfate and distilled from calcium
hydride.

The solution was stirred at room temperature for 3 days.

Most of the v'/jeton

wa -

oved under reduced pressure and 50 ml

of water was added uO dissolve the slurry that resulted.

The im

pure bromide was isolated from the water in a separatory funnel,
dried over magnesium sulfate, and vacuum fractionated through a
40 cm Vigreux column.
at 0.3 mm Hg.

The bromide had a boiling range of 47-50°

The yield was 65.1 grams (84%) of material which

was about 99% pure as estimated gas chromatographically.

The

product's structure was confirmed by comparing its nmr spectrum
with the spectrum of an authentic sample.
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Formation of a GrlRnard reagent from 2-bromo-l-phenylpropane in
(+) 2-methyltetrahydrofuran

Magnesium, 0.365 g (0.015 mol) not treated in iodine vapor,
and 2-bromo-l-phenylpropane, 5.97 g (0.03 mol), were reacted in
5.4 g of (+) 2-MeTHF and 5 ml of pentane.

After the Grignard re

action had started, the reaction flask was placed in an ice-water
bath.

It took 2 hours for most of the magnesium to dissolve when

the reaction was run at 0°.

The reaction mixture was hydrolyzed

and, after the usual workup, the unreacted 2-bromo-l-phenylpropane
was isolated and purified by preparative gas chromatography (20 ft
DEGS column) and finally was vacuum distilled.

The specific ro

tation of the recovered bromide was [a]^° = -0.4° (c 10.13,

of the isolated levo enantiomer was about 1.7%.

When the reaction

was repeated the specific rotation of the unreacted bromide was
[a]p° = -0 .5° (c 8 .01, ethanol, 1 = 1), which corresponds to 2 .1%
optical purity.

Asymmetric Grignard Reductions in Chiral Solvent

Formation of l-chloro-2-methylpropane

Phosphorus trichloride, 68.7 g (0.5 mol), was added slowly
during 30 minutes to 74.1 g (1.0 mol) of 2-methy1-1-propanol
maintained at 0".

The mixture was stirred at room temperature

for 30 minutes and then at 60° for an additional 30 minutes.
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It was poured Into a 500 ml separatory funnel half full of crushed
Ice and water.

The organic layer was separated, washed with satur

ated sodium carbonate solution, and dried over potassium carbonate.
The crude chloride was distilled and the fraction boiling between
40 and 80° was collected.

The distillate was washed with concen

trated sulfuric acid, then with saturated sodium carbonate, and
finally with water, before being dried (MgSO^).
redistilled, bp 65-68° (lit. 6 5 - 6 8 ° ) .
(32%).

The product was

The yield was 30 grams

The product gave only one peak in the gas chromatograph

and its nmr spectrum matched a spectrum of authentic material.

Reduction of 2-methyl-l-plienyl-l-propanone by isobutylmagnesium
chloride in (+) 2-methyltetrahydrofuran

A solution of Isobutylmagnesium chloride was prepared by
reacting magnesium, 0.0583 g (0.024 mol), and l-chloro-2-methylpropane, 1.85 g (0.02 mol), in 8.55 g (10 ml) of (+) 2-MeTHF.

The

Grignard reaction was very difficult to start, so 0.50 g (0.003 mol)
of bromobenzene was used to initiate the reaction.

Even so,

several hours at reflux (78°) was required to finally dissolve
most of the magnesium.
After the isobutylmagnesium chloride solution was formed,
the reaction flask was cooled below -10° and a solution of 2.52 g
(0.017 mol) of 2-methyl-l-phenyl-l-propanone (isobutyrophenone,
Aldrich Chemical Company) in 10 ml of pentane was added dropwise
during 2 hours.

The reaction mixture was hydrolyzed immediately

and after the usual workup, 2.20 grams (86%) of 2-methyl-l-phenyl-
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proponal was isolated by vacuum distillation, bp 57-62°/0.5 mm Hg.
The reduction was complete
chromatograph.

as only one peak was found in the gas

The nmr spectrum of the product and the spectrum of

the starting material were not identical.
alcohol provided:

The nmr spectrum of the

(CDCl;,) 6 0.75 and 0.95 (pair of doublets, 6 ,

J = 6 Hz, 2 X-CHa), 1.9 (m, 1, -C-H), 2.4 (s, 1, -OH), 4.3 (d, 1,
J = 7 Hz, -0-C-H), 7.3 (s, 5, aromatic protons).
a specific rotation of

The alcohol had

= +1.01“ (c 7.91, ether).

Levene and

Mlkeska^^ report [»]p° = +47.7° (c 6.997, ether) for one pure enan
tiomer.
2.1%.

Thus, the optical purity of this prepared alcohol was
When the reaction was repeated and the temperature of the

isobutylmagnesium chloride solution during the addition of the
2-methyl-l-phenyl-l-propanone solution was raised to 20“, the
specific rotation of the product was [“]p^ ~ +1.59“ (c 10.09,
ether).

The optical purity was increased to 3.3%.

The reduction of 2-methyl-l-phenyl-]-propanone by lithium
aluminum-tri-t-butoxy hydride in (+) 2-methyltetrahydrofuran

A solution of 2.52 g (0.017 mol) of 2-methyl-l-phenyl-lpropanone in 10 ml of pentane was added dropwise during 90 minutes
to a slurry of 7.63 g (0.03 mol) of lithium aluminum-tri-t-butoxy
hydride (Aldrich Chemical Company) in 6.7 g (7.8 ml) of (+) 2-MeTHF
maintained at 0°.

When the addition was complete, the reaction

mixture was stirred for 30 minutes at room temperature.

The ex

cess lithium aluminum-tri-t-butoxy hydride was decomposed by the
careful addition of 10 ml of 10% sulfuric acid.

The slurry was
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filtered and the liquid transferred to a separatory funnel where
the organic layer was isolated.

Vacuum distillation gave 2.1 grams

(90%) of 2-methyl-l-phenyl-l-propanol.

Gas chromatography provided

only one peak and the nmr spectrum confirmed that the substance was
the indicated alcohol.

It had a specific rotation of [

=

-0.02°

(c 11.0, ether), which corresponds to about 0.4% optical purity.

Preparation of 2-methyl-l-bromopropane

Phosphorus tribromide, 139.0 g (0.51 mol), and 2-methyl-l-propanol, 103.6 g (1.40 mol), were reacted at room temperature for 14
hours.

The reaction mixture was completely distilled under a

vacuum from a water aspirator, dried (KaCOa), filtered and re
distilled, bp 91° (lit. 9 1 ° ) .
grams (45%).

The yield of product was 191.8

The bromide gave one peak in the gas chromatograph

and its nmr spectrum matched that of an authentic sample.

The attempted reduction of 1-indanone by ^ Grignard reagent

A solution of isobutylmagnesium bromide was prepared from 2.74 g
(0.02 mol) of 2-methyl-l-bromopropane and 0.530 g (0.022 mol) of
magnesium in 10 ml of racemic 2-MeTHF.

A solution of 1-indanone

(Matheson, Coleman and Bell Company), 2.25 g (0.017 mol), in 10 ml
of xylene was added slowly during 1 hour.

After hydrolysis and

workup, gas chromatography of the pioducts indicated that about
half of the material consisted of a substance with the same reten
tion time as the starting material.
1-indanone.

Presumably this was unreacted

In addition to this there was a substance present with
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a longer retention time than the starting material.

It represented

about 40% of the mixture and probably was the product of the ad
dition of isobutylmagnesium bromide to the carbonyl of 1-indanone,
an alcohol, or more likely the dehydration product of that alcohol.
The expected product, 1-indanol, was later shown to be represented
by its dehydration product and was present only to the extent of
about 10%.
At first the 1-indanol was not found so an authentic sample
was prepared by the lithium aluminum hydride reduction of 1-inda
none.

This did not give the expected retention time in the gas

chromatograph but rather a peak with the same retention time as
an authentic sample of 1-indene, its dehydration product.

The attempted reduction of 1-indanone using t-butylmagensium
chloride

A solution of t-butylmagnesium chloride was prepared by re
acting 3.70 g (0.04 mol) of t-butyl chloride and 1.06 g (0.043 mol)
of magnesium in 10 ml of racemic 2-MeTHF.

A solution of 1-indanone,

2.25 g (0.017 mol), in 10 ml of xylene was added slowly during 1
hour.

The product, isolated after hydrolysis, was shown by gas

chromatography to consist of 50% unreacted 1-indanone.

Solvent Exchange on the Grignard Complex

Preparation of t-butylphenylcarbinol using £ Grignard reagent
formed in 1 I1 diethyl ether/(+) 2-methyltetrahydrofuran

Magnesium, 0.510 g (0.021 mol), and bromobenzene, 3.14 g
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(0.02 mol), were reacted in 3.75 g (0.05 mol) of diethyl ether,
freshly distilled under nitrogen from lithium aluminum hydride.
When the formation of the phenylmagnesium bromide solution was
completed, an equimolar amount, 4.31 g (0.05 mol), of (+) 2-MeTHF,
freshly distilled under nitrogen from lithium aluminum hydride was
added.

The solution was stirred for 30 minutes to allow any sol

vent exchange at the complex to occur.

The solution was then cooled

to below -10° and a pivaldehyde solution, 2.15 g (0.025 mol) in 10
ml of pentane, was added during 90 minutes.

After hydrolysis and

the usual workup, 1.9 grams (58%) of t-butylphenylcarbinol was
collected.

The carblnol was racemic.

The carblnol was identified

by comparing its nmr spectrum with those obtained previously.

Preparation of t-butylphenylcarbinol using £ Grignard reagent
formed in diethyl ether/excess (+) 2-methyltetrahydrofuran

Magnesium, 0.510 g (0.021 mol), and bromobenzene, 3.14 g
(0.02 mol), were reacted in 7.0 grams of diethyl ether, freshly
distilled under nitrogen from lithium aluminum hydride.

When the

phenylmagnesium bromide formation was complete, the solution was
gently refluxed while the nitrogen stream carried the ether away.
Finally, the residue was stirred under reduced pressure (1 mm Hg)
for 10 minutes.

A very thick syrup resulted.

To this syrup was

added 7.0 g of (+) 2-MeTHF, now present in large excess relative
to the diethyl ether still present.

The solution was stirred for

30 minutes to allow any solvent exchange at the complex to occur.
The solution was cooled to below -10° and a pivaldehyde solution
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(2.15 g, 0.025 mol, in 10 ml of pentane) was added during 90
minutes.

After the usual workup, 2.1 grams of t-butylphenylcarbin

ol (64%) was isolated.

The carblnol was identified by comparison

of its nmr spectrum with that of the carblnol obtained previously.
The carblnol had a specific rotation of [a]^^ = +0.15° (c 10.57,
benzene) for an optical purity of about 0 .6%.
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DISCUSSION

Grignard Reactions in 2 ,5-Dimethyltetrahydrofuran

The dimethyl homolog of tetrahydrofuran, 2,5-dimethyltetra
hydrof uran (2,5-DMTHF), was the solvent of first choice for this
study because it was expected that the inductive effect of the two
methyl groups, being close to the oxygen atom of the THF ring,
would Increase electron density at the oxygen atom and provide in
creased solvent basicity and tightness of association in the mag
nesium complex of a Grignard reagent.

Also, the dissymmetric trans

isomer could be synthesized conveniently in enantiomerically pure
form, once a suitable precursor had been resolved.

Finally, the

two chiral atoms carrying the methyl groups might well provide
steric influence at prochiral groups or faces, thereby enhancing
enantiomeric discrimination in the products.
A cis/trans mixture of 2,5-DMTHF was purchased and some common
Grignard reactions were attempted using this mixture as solvent.
It soon became apparent that common Grignard reactions, such as
the preparation of secondary alcohols, did not proceed in this
solvent.

First, the formation of the magnesium complex, from

various alkyl halides, did not initiate until the reagents were
refluxed (93°) for several minutes.

The appearance of the com

plex, once formed, was that of a heterogeneous mixture consisting
of a suspension and a gel-like precipitate.

The same complex in

THF, formed from the same alkyl halide, would be a gray-colored,
36
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translucent solution.
The extent of Grignard formation was estimated after reacting
the alkyl halide with magnesium in 2,5-DMTHF, by hydrolyzing the re
sultant complex with a measured amount of standard acid.
cess acid was then back-titrated with standard base.

The ex

This procedure

showed that the Grignard reagent formed in 2,5-DMTHF to the extent
of 89%.

This method, however, could not give the amount of car-

banion still present when the carbonyl component was added.
titration only measures the total amount of base present.

The
If the

basic species has already reacted in some way, it will not be avail
able to react with the carbonyl, but the moles of base reacting
with the acid will not have changed.
Attempts to prepare 2-hexanol from n-butyl bromide, magnesium,
and acetaidehyde in 2,5-DMTHF gave no 2-hexanol.

Attempts to pre

pare 1-phenylethanol from methyl iodide, magnesium, and benzaldehyde in 2,5-DMTHF gave only small yields of benzyl alcohol.

The

benzyl alcohol probably resulted from alkoxide equilibration^^’
with excess benzaldehyde, as méthylmagnésium iodide has no beta
hydrogens required for the normal Grignard reduction mechanism.
Benzyl alcohol also resulted when phenylmagnesium bromide, prepared
in 2,5-DMTHF, was reacted with excess benzaldehyde.
Benzylmagnesium bromide, prepared in 2,5-DMTHF, was reacted
with D2O in the hope of incorporating a benzylic deuterium atom.
The extent of deuterium incorporation could then be used to esti
mate how much available benzyl carbanion was present prior to add
ing the D 2O.

The formation of toluene was chosen for this study
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since any deuterium incorporation could be analyzed by making use
of the aliphatic to aromatic proton ratio obtained in the nmr
spectrum.

No deuterium incorporation was found, suggesting that

the benzyl carbanion had already been transformed to toluene,
probably by proton abstraction from the solvent, before the ad
dition of the D 2O.
When propylmagnesium bromide was formed in 2,5-DMTHF, it would
not undergo the usual nucleopbillc substitution with acetyl chloride.
Instead, a product was isolated which, the nmr spectrum indicated,
probably developed from ring opening of the solvent.

When 2,5-

DMTHF, magnesium, and acetyl chloride were refluxed under the same
conditions as before but without the added n-propyl bromide, the
same product resulted, probably from a Lewis acid attack on the
solvent.

The full identity of this product has not been determined.

While this study was in progress the separation of the cis/
trans mixture of 2,5-DMTHF into pure isomers was also undertaken.
When n-butylmagnesium bromide was prepared in pure cis-2,5-DMTHF,
and in THF, and reacted with acetaidehyde, the expected product was
2-hexanol.

But in a similar reaction mixture using the pure trans-

2,5-DMTHF as solvent, no 2-hexanol was found.

However, 2-hexanol

was formed in 43% yield in the THF solution under corresponding
conditions.

The reaction carried out using the pure cis isomer as

solvent gave only 8 .6% yield of 2-hexanol.

Since only the trans

isomer is dissymmetric, 2,5-DMTHF was necessarily abandoned as sol
vent for this reaction study.
It appears that 2,5-DMTHF, because of the steric effect of the
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two methyl groups, and especially at both molecular faces in the
trans isomer, cannot coordinate effectively to the magnesium
atom during complex formation.

Apparently, the Grignard species

forms but is more reactive because the solvent coordination needed
to stabilize it is poor, and because the temperature at which it
must form (at reflux, about 93°) is high.

The solvent itself ap

pears to be more reactive to carbanion attack than a hydrocarbon
solvent^.

Therefore, by the time the carbonyl component is added

to the reaction mixture, the reagent has already undergone alter
native nucleopbillc reactions with the solvent.
A solution of n-butylmagnesium bromide was prepared in di
ethyl ether and then most of the ether was removed under reduced
pressure.

When the Grignard complex was re-solvated with mixed

isomeric 2,5-DMTHF and acetaidehyde reacted with it, the reaction
appeared to be normal, producing 2-hexanol in about 44% yield.
Another product, later identified as 2-hexanone, was formed in
about 20% yield presumably by a Meerwein-Ponndorf-Verley type
reversibile oxidation-reduction with excess acetaidehyde.

No

reactions were attempted using optically active trans-2,5-DMTHF
as a replacement solvent.

Grignard Reactions in 2-Methyltetrahydrofuran

The next choice as solvent was 2-methyltetrahydrofuran (2-MeTHF).
With only one methyl group at the a carbon, a slight increase in
basicity relative to THF was expected.

And, with less steric in

terference than in 2,5-DMTHF, improved coordination and stabili-
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zatlon of the Grignard complex should result.

Finally, 2-MeTHF is

chiral and can be prepared directly in high optical purity from
enantiomerically pure tetrahydrofurfuryl alcohol.
In a preliminary examination, racemic 2-MeTHF was used as the
solvent in the formation of 2-hexanol from n-butyl magnesium bromide
and acetaidehyde.

The yield was acceptable (50%) and the reaction

proceeded normally with one minor exception.
An intense blue color developed as the Grignard reagent began
to form.

This gradually changed to yellow over several minutes.

The problem of color formation and its change caused concern be
cause it indicated some side reaction was occurring which might pos
sibly involve racemization or reaction of the solvent and, since the
supply of optically active solvent was small, limit its usefulness.
This was later demonstrated to be caused by the presence of peroxide
in tile 2-MeTHF.

Thereafter, as a precaution, because this ether

seemed to form peroxides readily, all 2-MeTHF was distilled from
lithium aluminum hydride under a dry nitrogen atmosphere just prior

Bal
furyl alcohol via its hydrogen phthalate half ester using brucine.
In this study, crystalline, racemic tetrahydrofurfuryl hydrogen
phthalate was not obtained as it required several months for the oil
obtained from the estérification reaction to crystallize.

The con

tinuous problem throughout the resolution was one of obtaining crys
talline material at each of the steps.

Even the brucine salt formed

from the phthalate half ester was found to be slow to crystallize.
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After resolution, the initially recovered tetrahydrofurfuryl hy
drogen phthalates were only about one-third optically pure.

However,

several recrystallizations from diethyl ether/pentane yielded mater
ial of constant rotation.

Mother liquors with specific rotations as

low as 3° (the value for optically pure ester is 32°) did provide
crystalline material that could be purified to constant rotation
near the maximum.

Therefore, no material of low activity was re

jected, and eventually, after repeating the resolution process many
times, sufficient material was isolated in enantiomerically pure
form that usable quantities of 2-MeTHF could be synthesized.
It was important, after this laborious resolution, to develop
reliable synthetic steps to 2-MeTHF so that the yield at each step
could be maximized.

Kenyon recovered tetrahydrofurfuryl alcohol

from its phthalate half ester by saponification and steam distil
lation.

But as tetrahydrofurfuryl alcohol is water soluble, Kenyon's

procedure was modified by adding K 2CO3 to the saponification mixture
to " salt out"

the alcohol and assist its recovery.

In this way

alcohol was recovered in essentially quantitative yield by saponi
fication of the ester in base, saturation of the solution with po
tassium carbonate, and continuous extraction of the solution with
diethyl ether for 48 hours in a suitable apparatus.
The conversion of the alcohol to its tosylate derivative and
the reduction of the tosylate derivative with lithium aluminum hy
dride to 2-MeTHF were reported by Gagnaire and Butt^^.

Their re

ported percent yield of 2-MeTHF was unacceptably low (57% overall).
By modification of their procedures, our synthesis of the tosylate
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derivative was Improved to 95%, and that of 2-MeTHF by reduction of
the tosylate was Increased to 88%.
Certain requirements existed In our study of reactions carried
out In optically active 2-MeTHF.

First, of course, all reactions

were tested and explored In racemic 2-MeTHF to discover any unanti
cipated problems.

Reactants, products, and any solvents added In the

course of the reaction or subsequent workup were chosen with care so
that they would not interfere with the recovery and purification of
active 2-MeTHF.
For example, phenylmagnesium bromide will form benzene upon hy
drolysis.

But with the Isolation techniques available, benzene

could only be separated completely from 2-MeTHF without excessive
loss of 2-MeTHF by preparative gas chromatography.

Consequently,

care was taken to react all the phenylmagnesium bromide prior to hy
drolysis.

Also commercial grade diethyl ether contains a small

amount of ethanol which has to be removed from 2-MeTHF by distilla
tion from lithium aluminum hydride.

Therefore, when diethyl ether

was used as an extraction solvent, only ethanol-free, anhydrous
grade was used.
Finally, it was essential that the value of the specific rota
tion of one pure enantiomer of the product be known In order that
the optical purity of the product isolated could be determined.
The usual precautions for running Grignard reactions In diethyl
ether were also observed when the solvent was 2-MeTHF.

The reactants

were selected so that the product could be Isolated with a minimum
of difficulty.

And since the product, hopefully, would have an ex
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cess of one enantiomer, care was taken to purify the product thor
oughly so that the specific rotation of the sample would be a maxi
mum.

Purity of reactants, solvents, and products was determined by

gas chromatography.

The identity of the products and in some cases

that of the reactants was confirmed by nmr spectra.

Carbonyl Additions in Chiral Solvent
Phenylmagnesium bromide was prepared in (+) 2-MeTHF and reacted
with acetaidehyde to give 1-phenylethanol enantiomers with an opti
cal purity of 2.15%.

The small degree of stereoselectivity observed

in the production of 1-phenylethanol was thought to be due, in part,
to the relatively small difference in steric bulk between the methyl
group and the hydrogen atom in the plane of the carbonyl group in
the acetaidehyde molecule.

Therefore, rather than try different ex

perimental conditions in an attempt to increase the stereoselectivity
of the reaction, it was decided to try an aldehyde with a larger
steric bulk in the alkyl group.
Pivaldehyde (2,2'-dimethylpropanal) was prepared by a Grignard
synthesis involving the inverse addition of t-butyl-magnesium chlor
ide, prepared in diethyl ether, to N,N'-dimethylformamide.

The yield

was low (25-30%), but sufficient material was obtained for this
study.

The pivaldehyde, which needed to be pure to minimize diffi

culties in isolating the carbinol produced from it, was purified by
conversion to the bisulfite adduct.

The adduct, after suitable

washing, was heated in a solution of sodium carbonate, and the lib
erated pivaldehyde extracted with xylene.

Xylene was used as the
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extracting solvent because of difficulties encountered in distilling
pivaldehyde/pentane or pivaldehyde/ether solutions.

A significant

part of the pivaldehyde would distill with the lower boiling frac
tion.

With xylene, the first fraction (about 75°) was pure pival

dehyde.

This technique minimized the amount of material lost dur

ing distillation.
With pivaldehyde, the relative difference in steric requirement
of the t-butyl group and the hydrogen atom bonded to the carbonyl
carbon atom was maximum.

It was thought that this largt. difference

would allow the chiral Grignard reagent to discriminate more readily
between the enantiotopic faces of the prochiral reagent (pivaldehyde).
Phenylmagneslum bromide was prepared in (+) 2-MeTHF and reacted
with pivaldehyde to give (+) or (-) t-butylphenylcarbinol of about
11% optical purity.

The difference in activation energies, and also

the rates of formation, of the two enantiomeric t-butylphenylcarbinols was assumed to be small.

Therefore, in order to obtain the

greatest stereoselectivity in the reaction, it was considered de
sirable to control the rate of reaction as much as possible by using
low temperatures and slow addition rates for the prochiral component.
These changes should have the effect of enhancing a reaction rate
different at the enantiotopic faces.

But at some point in the low

temperature range, the overall reaction rate will become vanishingly
small and essentially no reaction will occur, even while the concen
tration of pivaldehyde is increasing.

Then, as the temperature is

allowed to rise at the end of the reaction, a large amount of pival
dehyde would be available to react in a short period of time, and
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defeat the purpose of the slow addition.
For the first t-butylphenylcarblnol synthesis In (+) 2-MeTHF
the pivaldehyde solution (about 25% In pentane) was added at a rate
of 5 drops/mlnute to a phenylmagneslum bromide solution chilled to
just below -10°.
purity of 11%.

These conditions gave a product having an optical
When the temperature was lowered, In one case down

to -35°, and the addition rate was slowed to 1 drop/5 minutes, the
optical purity of the product decreased to less than half the value
obtained In the first case where the temperature was -10°.

In all,

three sets of conditions were tried, and the optical purity of the
product In each case remained low.

Finally, under essentially the

same conditions as the original most successful run where the tem
perature of the phenylmagneslum bromide solution during pivaldehyde
addition was maintained just below -10°, the optical purity of the
product was relatively high once again (9.5%).
Morrison and Rldgeway^^ have observed that alkoxlde salts of
secondary alcohols can equilibrate with carbonyl-bearing molecules
via a Meerweln-Ponndorf-Verley type mechanism.

To determine the

possibility of this mechanism as a factor In limiting optical purity
In these reactions, t-butylphenylcarblnol with specific rotation of
+ 3.21° was converted to Its alkoxlde salt using ethylmagneslum bro
mide In racemlc 2-MeTHF.

After stirring with exposure to air for

24 hours, the t-butylphenylcarblnol was recovered and a specific ro
tation of only +1.06° was observed.
of the Initial optical activity.

This represented a loss of 66%

The carbonyl component may have

arisen from air oxidation of the carblnol.

To avoid unnecessary
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loss of optical activity in t-butylphenylcarbinol by this mechanism,
the reaction mixture was hydrolyzed at once after the last of the
pivaldehyde had been added.

This technique also lessened the possi

bility of any post-addition asymmetric equilibration^^ in a chiral
solvent, adding to the observed optical rotation of the product.
In all cases, the carbinols formed in (+) 2-MeTHF were dextrotatory.

As expected, when the reaction was conducted using the

other enantiomer,

(-) 2-MeTHF, as solvent, the product was the levo-

rotatory carbinol.

The levorotatory t-butylphenylcarbinol was pro

duced with an optical purity of 8.1%.

This slightly lower value may

be attributed to an unintended slower stirring rate during the ad
dition of pivaldehyde, which went unnoticed during most of the ad
dition.

Also the (-) 2-MeTHF used had somewhat lower enantiomeric

purity ([a]=" - -26.47°) than the (+) 2-MeTHF ([a]^° = +27.01°).

Kinetic Resolution in Chiral Solvent

Kinetic resolution is a process by which one enantiomer present
in a racemic mixture undergoes a reaction in the presence of a chi
ral influence, at a rate which is greater than the rate of reaction
of the other enantiomer.

In the end more of one enantiomer has been

consumed in the reaction, while the unreacted portion has, almost by
default, been enriched in the less reactive enantiomer.

To be use

ful, the reaction used in this process must be stopped at some in
termediate stage well short of completion.

The success of this pro

cess depends, to a large degree, on the relative difference in the
reaction rates of the two enantiomers.

Where the rate difference is
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high, the resolution can be almost complete.

Again it is the enzy

matic processes from living tissue which represent the ultimate in
kinetic resolution.

Greenstein and co-workers^^ have reported the

resolution of a racemic mixture of amino acids by allowing an enzyme
isolated from hog liver to digest the amino acid.

The S enantiomer

was consumed at a rate 10** times faster than its enantiomer.

The R

enantiomer was recovered from the reaction mixture with an optical
purity of 99.9%.

But again reactions in the laboratory cannot come

close to that degree of stereoselectivity.
When a Grignard reagent is formed from a racemic mixture of en
antiomeric secondary alkyl halides in an achiral solvent such as THF,
the R enantiomer reacts at the same rate (k^) as the S enantiomer,
(kg).

But in the presence of a chiral solvent, such as (+) 2-MeTHF,

k^ and kg must be different.

It may be, of course, that these rates

are so nearly the same that they are not readily distinguishable ex
perimentally.

But if the difference is large enough, it should be

possible to form a Grignard reagent in chiral solvent from a racemic
secondary alkyl halide, and interrupt the reaction before completion
and recover the unconverted substrate enriched in the less reactive
enantiomer.

However, the optical purity of the unreacted substrate

may not reflect the true value of the activation energy difference
between the two diastereomic transition states, as it probably does
in the nucleophilic addition reactions described above.
When a prochiral substrate reacts with a chiral Grignard reagent,
the relative concentrations of the re face and the si face^^ remain
equal throughout the course of the reaction.

But when a racemic
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mixture of enantiomers react to form Grignard reagents at initially
unequal rates, the concentrations of the unreacted enantiomers do
not remain equal.

Gradually the concentration of the slower react

ing enantiomer increases relative to the faster reacting one, and
this increase in concentration may offset the difference in activa
tion energies in determining the reaction rates of the enantiomers.
The formation of the Grignard reagent was carried out by react
ing two equivalents of a racemic alkyl halide with one equivalent of
magnesium in (+) 2-MeTHF.

When the magnesium had mostly dissolved,

the reaction was interrupted by hydrolysis and the unreacted halide
recovered and purified.
The selection of reactants and reaction conditions involved
several factors.

First, the specific optical rotation of the opti

cally pure, chosen alkyl halide must be known.

The Grignard forma

tion involving this halide had to initiate easily and proceed at a
reasonable rate at room temperature or below.
increased the probability of side reactions.

Elevated temperatures
The unreacted halide

had to be easy to recover at the end of the reaction.

This meant

that it had to be sufficiently different in boiling point from the
solvent, 2-MeTHF, so that the two could be separated by distillation.
These last two requirements were not easily realized together.
Although 2-bromobutane will form a Grignard reagent readily in 2-MeTHF,
separation of the unreacted halide from the solvent was very diffi
cult.

When 2-chlorooctane was used, the Grignard reaction would not

initiate at all.

When 2-bromooctane was used, the reaction initiated

and proceeded only in refluxing 2-MeTHF.

The material recovered at
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the end of the reaction after such extreme treatment was not 2-bromo
octane, but rather 7,8-dimethyltetradecane, the Wurtz coupling pro
duct.

The same type of coupling reaction led to the recovery of 2,3-

diphenylbutane, exclusively, when phenethyl chloride was used as sub-

Finally, 2-bromo-l-phenylpropane was investigated and found to
meet all the requirements.

But obtaining this material in sufficient

ly pure form for this reaction was unexpectedly difficult.

When 1-

phenyl-2-propanone was reduced with lithium aluminum hydride, the
product, 1-pheny1-2-propanol, was isolated in pure form, giving only
one peak in the gas chromatograph.

But when 2-bromo-l-phenyl-propane

was synthesized from the alcohol using phosphorus tribromide, there
was produced a contaminant, about 8% of the isomeric 1-bromo-l-phenylpropane.
In order to minimize the formation of the unwanted isomer, an
indirect route to 2-bromo-l-phenylpropane was tried.

The 1-phenyl-

2-propanol was first converted to the tosylate derivative, and then
the tosyl group itself was displaced by bromide ion in an S^2 reac
tion.

But even this produced a few percent of the isomeric 1-bromo

compound.

After repeated vacuum fractionation, 2-bromo-l-phenylpro-

pane was obtained having an estimated purity (glc) of at least 99%.
Thermal isomerization to the 1-bromo structure could be demonstrated.
When the Grignard reagent formation in (+) 2-MeTHF using 2bromo-l-phenylpropane as substrate was carried out, the recovered
bromide was slightly enriched in the levo enantiomer.
purity was about 2%.

The optical

This enrichment was observed when the reaction
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Asymmetric Grignard Reductions in Chiral Solvent

When a Grignard reagent is mixed with a ketone, reactions of
several types may compete.
bonyl group.

The usual course Is addition to the car

If the ketone is highly branched, or the Grignard re

agent is branched, the ketone may also be reduced to the correspond
ing secondary alkoxlde with the Grignard reaction being simultan
eously oxidized to an alkene.

Addition and reduction are competing

processes, with the predominate process being determined by the
steric factors present.

If the steric interference is high, as is

the case with a ketone such as diisopropyl ketone, the alkoxlde (or
the carbinol derived from it) resulting from the reduction will be
the only product.
The Grignard reduction mechanism is similar to the MeerweinPonndorf-Verley mechanism.

A molecule of Grignard reagent must

first become coordinated to the oxygen atom of the ketone.

Then

a 0 hydrogen atom transfer to the ketone occurs, through a cyclic
activated complex'.

Mg

R2

H

^ R3

The more 0 hydrogen atoms a particular Grignard reagent possesses,
the more readily this transfer occurs.
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Dissymmetric Grignard reductions have been studied for more
than 20 years with some success.

The use of active solvents though,

as the only source of chirality, has been less successful.

Mosher^^

and co-workers have studied reductive Grignard reactions In which
the hydrogen atom to be transferred was removed from a chiral carbon
atom.

The reaction results In chirality appearing In the product

carbinol, while chirality Is lost In the Grignard reagent molecule
as It becomes oxidized to the alkene.

While stereoselectivity has

varied widely depending on substrate, phenyl Isopropyl ketone was
reduced using isoamylmagneslum chloride as the Grignard reagent In
greater than 80% enantiomeric excess.
With Grignard reductions in an optically active solvent, the
chiral Influence-chiral solvent coordinated to the magnesium atom
is several atoms removed from the site of hydride transfer, rather
than being intimately connected to the hydrogen atom being trans
ferred as Is the case In Mosher's reductions.

As stated previously,

the more Intimately the chiral Influence is involved in the transi
tion state, the greater will be Its expected Influence on the dif
ference In activation energies between the two dlastereomerlc tran
sition states.

It Is not surprising then, that the Grignard re

ductions in optically active 2 ,3-dlmethoxybutane have been reported^^ to g
examples.
Isobutyrophenone (2-methyl-l-phenyl-l-propanone) was reduced
by the Grignard reagent prepared from Isobutyl chloride and mag
nesium In (+) 2-MeTHF.

The reductive process occurred exclusively
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and no product from nucleophilic addition was observed.
Isobutylmagnesium chloride was selected as the reducing agent
because it has only one 3 hydrogen atom to transfer.

The rate of

reduction with this Grignard reagent would be slow so that a small
difference in the rates of formation of the two enantiomeric product
carbinols would be magnified.
The formation of the Grignard reagent from isobutyl chloride
and magnesium was very difficult to initiate in 2-MeTHF.

Finally,

a small amount of phenylmagneslum bromide was prepared prior to
adding the isobutyl chloride to act as an initiator.

Even so the

formation of isobutylmagnesium chloride proceeded very slowly.
Phenylmagneslum bromide was selected as the initiator since it has
no 3 hydrogen and could not reduce the ketone in competition with
the isobutylmagnesium chloride.
to isobutyrophenone was small.

Also the probability of its adding
However, upon hydrolysis, phenyl-

magnesium bromide produced benzene which could conveniently be
separated from 2-MeTHF using preparative gas chromatography.
The alkyl chloride was used rather than the bromide or iodide
because of a report^^ that the chloride gave higher yields and
greater stereoselectivity when used as the halogen in a chiral
Grignard reagent.

Subsequently it was found that only with isobutyl

bromide would the Grignard formation initiate readily in 2-MeTHF.
This was used, then, in later work.
When isobutyrophenone was added to a cold isobutylmagnesium
chloride solution in (+) 2-MeTHF maintained below -10°, the optical
purity of the carbinol produced was only 2.1%.

Unexpectedly, when
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the temperature of the Grignard solution during ketone addition was
raised to 20°, the optical purity of the reaction product was im
proved to 3.3%.
Lithium aluminum hydride reductions are usually performed in
ethereal solution and, indeed, when lithium aluminum hydride ard
carefully dried diethyl ether are mixed, heat is evolved, implying
that some kind of solvation or coordination is occurring.

However,

lithium aluminum hydride is too reaction as a reducing agent to be
used in studying the stereoselective reduction of isobutyrophenone
in active 2-MeTHF.

The rate of reduction would be so large that

the ketone would likely be reduced essentially instantaneously with
little resulting stereoselectivity.
As a possible alternative reactant, lithium aluminum-tri-tbutoxy hydride was selected after consideration of the steric bulk
of the three t-butoxy groups, as well as the decreased availability
of hydride ions.

Perhaps these factors would be sufficient to slow

the reaction so that the difference in the rate of reduction to the
enantiomeric carbinols could be observed.
These expectations were poorly realized when isobutyrophenone
was added to a slurry of lithium aluminum-tri-t-butoxy hydride in
(+) 2-MeTHF.

The carbinol product subsequently isolated was only

0.4% optically pure.
stereoselective.

Therefore the reduction was not significantly

Either the solvent coordination is not as critical

with this organometallic reducing agent as it is with the Grignard
reagent, or the reduction still proceeds very fast even though
the reducing agent is encumbered by bulky groups.
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Attempts to reduce 1-lndanone to 1-indanol using a Grignard
reagent prepared in 2-MeTHF were only partially successful.

The

presence of the fused phenyl ring, it was thought, would add rigid
ity to the ketone and, at the same time, the polar effect of the

it

system might favor the enhanced production of one enantiomer when
the solvent was chiral.

Mosher^^ and co-workers have reported such

an interaction between a chiral Grignard reagent which contained a
phenyl group, and a ketone attached to a phenyl group.
interaction between the two

it

The polar

systems favored one configuration in

the activated complex over the other.
But 1-indanone was not reduced completely using isobutylmag
nesium bromide in 2-MeTHF.

Instead, about half of the material

isolated after the reaction was unreduced ketone.

The balance of

the product resulted from the addition reaction, except about 10%
which was the expected 1-indanol.

Even when t-butylmagnesium

chloride in 2-MeTHF was tried as reducing agent, about half the 1indanone remained unreacted.

The 1-indanol in this small amount

of product might possibly have been enough to demonstrate stereo
selectivity in the reduction; however, the task of isolating it
from the reaction mixture without racemization appeared extremely
difficult and was not pursued.

Solvent Exchange on the Grignard Complex

1 and Paulson^^ sought to form and react m<
iodide in active dimethylbornylamine.

They found it necessary to
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form the Grignard complex first in diethyl ether, and exchange
solvents by removing the ether under reduced pressure, and resolvating the complex in active dimethylbornylamine.

They concluded

that the diethyl ether coordinated directly to the magnesium atom
and it appeared to be very difficult, if not impossible, to remove
it completely since, upon reaction with benzaldehyde, they failed
to achieve any stereoselectivity in the formation of 1-phenylethanol.
One of the properties that favored the choice of THF over di
ethyl as a solvent in Grignard reactions was the slightly greater
basicity of the THF molecule.

This basicity is enhanced even more

by having a methyl group substituted close to the oxygen atom of
the THF ring such as in 2-MeTHF.

This was one factor in the choice

of 2-MeTHF in this study.
If 2-MeTHF is a more basic, better coordinating solvent than
diethyl ether, will a 2-MeTHF molecule displace a diethyl ether
molecule which is coordinated to the magnesium atom of a Grignard
complex?

In an attempt to answer this question, phenylmagnesium

bromide was prepared in diethyl ether, and then (+) 2-MeTHF was
added to the solution on a 1:1 molar basis (compared to diethyl
ether).

After reasonable time for equilibration, pivaldehyde was

added, but the t-butylphenylcarbinol that was isolated was racemic.
It appeared as if the 2-MeTHF had not exchanged to any noticeable
extent with the diethyl ether.
The process was repeated, but the ratio of (+) 2-MeTHF to
diethyl ether was greatly increased by removing most of the ether
from the complex under reduced pressure before the (+) 2-MeTHF was
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added.

The procedure was similar to that employed by Tarbell and

Paulson^^.

The molar ratio of (+) 2-MeTHF to diethyl ether was

not determined but the (+) 2-MeTHF was present in large excess.
After adding the pivaldehyde, the carbinol that was isolated had
an optical purity of 0.6%.

This indicated that some degree of

ether exchange had indeed occurred.

But the low optical purity in

dicated that the majority of the solvent molecules coordinated to
the magnesium atom of the Grignard complex was still diethyl ether.
In light of recent investigations^ into the nature of the
Grignard complex in solution and remembering that 2-MeTHF probably
has somewhat different solvent properties than THF, some reflections
on the nature of the Grignard complex in solution are in order.
If the Grignard complex, 1 to 2 molar in 2-MeTHF, is the
same as in THF at the same concentration, then it is probably
monomeric.

However, if the Grignard complex in 2-MeTHF is asso

ciated (polymeric) at this concentration range, then there will
be fewer optically active solvent molecules around each magnesium
atom in the polymeric complex compared to the number that can sur
round each magnesium atom if the Grignard species is monomeric.
Therefore the solvent will exert less chiral influence in a poly
meric complex simply because there are fewer chiral centers
present.
It may well be that if the reactions reported above were to
be run in more dilute solution, the stereoselectivity might im
prove.

But to do so would require more optically active solvent

than was synthesized and available in the study; or a less
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extensive investigation of reactions in that limited amount of
solvent.

Neither option was particularly attractive.
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SUMMARY

Four types of Grignard reactions were investigated to observe
the effect of chirality in the solvent on the reaction itself and
on the products.

Alkyl derivatives of THF were considered and

the 2-methyltetrahydrofuran was finally selected for the study.
When phenylmagnesium bromide was prepared in this optically pure,
chiral solvent and reacted with pivaldehyde in a nucleophilic ad
dition reaction, the resultant secondary carbinol was about 11%
optically pure.
Kinetic resolution by incomplete formation of a Grignard
reagent from a secondary alkyl halide resulted in the optical
enrichment of the unreacted halide to the extent of about 2%.
Asymmetric Grignard reductions using enantiomerically pure
2-methyltetrahydrofuran as the source of chirality did not yield
products with optical purity as high as that reported by other
researchers when other chiral solvents were employed.

The optical

purity of reduction of the product in this study using the 2-methyl
tetrahydrofuran was only 2-3%.
That 2-methyltetrahydrofuran might be a somewhat more effective
coordinating solvent to the magnesium atom of a Grignard complex
than diethyl ether was demonstrated.

When enantiomerically pure

2-methyltetrahydrofuran was allowed to exchange with the diethyl
ether which was originally used as solvent in the formation of a
phenylmagnesium bromide complex, the carbinol which resulted when
that Grignard reagent underwent a nucleophilic addition reaction
60
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with an aldehyde was active to a slight extent.

Since the only

source of chirality was the 2-methyltetrahydrofuran, some degree
of exchange must have occurred.
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